The Steam Assisted Gravity Drainage (SAGD) process is a thermal enhanced oil recovery (EOR) method that appears tremendously successful, especially for bitumen.
Introduction
Steam Assisted Gravity Drainage (SAGD) combined with horizontal well technology is certainly one of the most important concepts developed in reservoir engineering in the last two decades (Huc et al., 2010) . Many factors interact during this thermal process such as changes in oil viscosity, fluid saturations, pore pressure and stresses. Another important aspect is that the performance of heavy-oil production by SAGD is affected by reservoir heterogeneities (Lerat et al., 2009a) . Numerical modeling is therefore important to both evaluate and optimize a SAGD operation (Egermann et al., 2001; Lacroix et al., 2003) . Most significantly, pressure and temperature variations during SAGD induce stress changes in the reservoir and in the surrounding media. These modifications of the stress state may imply deformations which can in turn have an impact on reservoir production (Lerat et al., 2009b) .
The objectives of this work are 1/ to emphasize the necessity of solving the coupled fluid flow and geomechanical effects that prevail during steam injection in the SAGD process, 2/ to present the various possible options to cope with this difficult issue of coupling fluid flow and geomechanics, 3/ to describe in more details two of these options with their benefits and drawbacks, and 4/ finally illustrate them on an example.
Why coupling?
In the SAGD process, continuous steam injection changes reservoir pore pressure and temperature, which can increase or decrease the effective stress in the underground. Indeed, oil sand material (skeleton and pores) strains induce changes in the fluid flow-related reservoir parameters. To take into account the geomechanical effects due to stress changes in and around the reservoir, fluid flow must be solved in a way that can predict the evolution of stress dependant parameters such as porosity, pore compressibility and permeability. In a SAGD operation, several geomechanical effects are considered as being of significative influence. For example, laboratory tests have revealed that permeability can be strongly increased by shear stress modification (Touhidi-Baghini, 1998) . This geomechanical phenomenon has been investigated through numerical simulations in numerous studies (Ito and Suzuki, 1999; Collins et al., 2002; Lerat et al., 2009b) . Another example of geomechanical effect, concerning the seismic behaviour of the underground, has been given by Vidal-Gilbert and Tisseau (2006) . They have shown that seismic behaviour of the underground is influenced by stress redistribution mechanisms like arching effect. The overburden stress state has appeared to be a first order parameter to consider in a seismic analysis. Thus, it is important to take into account mechanically induced volumetric strain modification and stress redistribution in the reservoir and surrounding rocks in order to perform 4D seismic analyses that are a very useful tool for SAGD monitoring (Lerat et al., 2009a) . In order to represent more precisely the importance of the coupled simulation for a SAGD numerical analysis, a thermo-hydro-mechanical model is formulated on the basis of Biot's theory (Biot,1941) .
Constitutive equations in linear poroelasticity
Darcy's law describes the motion of the fluid in porous rocks, whereas in the present study, the mechanical behavior of rock is governed by the equations of linear and isotropic elasticity considering infinitesimal transformations. In a general form, following the theory of porous media presented by Biot and completed by Coussy (1995) , the diffusity equation that links pressure variation and stress can be written as,
where M is Biot's modulus, b the Biot's coefficient, α m is the differential thermal expansion coefficient, T the temperature, t the time, k the intrinsic permeability of the porous media, μ the dynamic fluid viscosity, p the pore pressure and ε v is the volumetric strain. The Biot's modulus M is related to the rock and fluid characteristics,
where φ 0 is the initial porosity, K s is the matrix bulk modulus and K f is the fluid bulk modulus. The Biot's coefficient b is related to the matrix and to the drained bulk modulus K d by the Biot's relation,
which is close to 1 for incompressible grains.
The differential thermal expansion coefficient α m reads,
where α f is the fluid thermal expansion coefficient and α φ the pore thermal expansion coefficient. Considering an isotropic and elastic behaviour for rocks under small transformations, the mechanical equilibrium reads, with G the shear modulus, u the displacement, ρ h the homogeneised density, α d the drained thermal expansion coefficient and g the gravity vector. This framework is complete but performing the simulations with respect to all the introduced interactions can involve a very high computation cost. This problem of computation cost is particularly important when the calculation of the stress state in the reservoir and surrounding rocks is required because meshes containing numerous elements must be used. That is why this full description is commonly simplified in conventional thermal reservoir models.
Constitutive equations in a conventional thermal reservoir model
The stress variations associated with reservoir production may be extremely high in poorly consolidated reservoirs. Consequently, the porosity, compressibility and permeability of the reservoir rock are likely to vary while the reservoir is producing. Conventional thermal reservoir simulators assume that these parameters depend only on the fluid pressure and temperature, but do not depend on stress variations. Incorporating Darcy's law in the fluid mass conservation equation for a single-phase fluid, we obtain, ( )
with φ the porosity and ρ f the fluid density. In a conventional reservoir simulator, it is a common practise to introduce a pressure dependency to the reservoir porosity.
A typical equation for porosity is,
where p 0 is the pressure at which the porosity is equal to φ 0 and c p is the pore compressibility factor. It must be noticed that the pore compressibility factor is commonly chosen constant or variable according to pressure and/or temperature in reservoir models. According to Eq. 7 and assuming a linear constitutive behaviour, the reservoir porosity linearly depends on the pore pressure and the pore compressibility. In conventional reservoir simulators, a compressible fluid is described by considering that its density depends on the pore pressure and temperature. The linearized form of the fluid state law is,
where ρ f0 is the fluid density at (p 0, T 0 ), and c f is the fluid compressibility. Introducing Eqs. 7 and 8 in Eq. 6, and linearizing the obtained equation yields the following hydraulic diffusivity equation,
This is the common form of the hydraulic diffusivity equation for traditional reservoir models where global stress is assumed to be constant and pore compressibility accounts for the entire mechanical response of the system. This equation is used with boundary and initial conditions to predict pressure and temperature variations in the reservoir.
From linear poroelasticity to conventional reservoir model
In case of non-thermal analysis, the conventional reservoir framework can be recovered from linear poroelasticity through simplifying assumptions (Mainguy and Longuemare, 2002) . In this section, commonly made hypotheses are used to show the difference between poroelasticity and conventional reservoir approach and to point out thermal analysis particularity. 
Then, considering that the pore and bulk volume variations are equal for an incompressible matrix and neglecting Eq. 5 (global stresses are supposed to be constant), the following relationship can be written,
Finally, introducing Eqs. 10, 11 and 12 in Eq. 1 leads to,
that still differs from Eq. 9. Comparing Eq. 13 and Eq. 9, it is clear that, for thermal analysis, the term in the right hand side of Eq. 13 is neglected in the fluid flow simulator. It means that pore sensivity to thermal loading is ignored in a conventionnal reservoir model. This approximation can change the evaluation of the state of stress and deformation. Futhermore, it must be noticed that this approximation superimposes to usual approximations that allow to deduce Eq. 13 from Eq. 1. Indeed, another difference between the two introduced frameworks is that a conventional reservoir model does not take into account the mechanical equilibrium corresponding to Eq. 5 and the matrix compressibility. These approximations can significantly biased the evaluation of stress state and volumetric strain in and around the reservoir, which can influence the underground seismic behavior.
Another point that is not discussed in the presented framework is the modification of permeability that can be induced by stress state changes. This phenomenon is not taken into account in both of the frameworks presented. Nevertheless, solutions have been developed to simulate this phenomenon. The permeability is commonly linked with volumetric strain. Under such an assumption, it is clear that a correct quantification of volumetric strain is required to make an accurate evaluation of permeability modification.
Therefore, during SAGD numerical simulation, by applying Eq. 9, which is used in conventional reservoir simulators, we do not take into account the global stress and strain modification associated with the steam injection. Therefore, coupled reservoir geomechanical simulation is required.
Coupling strategies
In SAGD process, reservoir geomechanical analysis is concerned with the simultaneous study of fluid flow and geomechanical response of the reservoir. To solve the coupling between fluid flow and geomechanics, different approaches have been envisioned (Chalaturnyk, 1996; Settari and Mourits, 1998; Rutqvist et al., 2001; Longuemare et al., 2002; Samier et al., 2003; Jeannin et al., 2005; Wang et al., 2006) . Based on the degrees of coupling between reservoir fluid flow and geomechanics, the simulations can be divided into four categories: non-coupled, decoupled, sequentially coupled, and fully coupled (Chalaturnyk, 1996; Wang et al., 2006) .
The non-coupled approach denotes the conventional reservoir simulation, which does not solve mechanical equilibrium considering stress redistribution associated with Eq. 5. The basic approach applies rock compressibility as the only parameter to consider the interactions between the fluids and solids. This solution does not appear to be a good one to simulate SAGD operation because it does not allow describing geomechanical effects on seismic response in the underground or mechanically induced modification of intrinsic permeability. Nevertheless, an enhanced noncoupled approach can be performed to describe mechanically induced modification of intrinsic permeability. The principle is to deduce volumetric strain from pressure changes, temperature changes and initial state by using multipliers and without solving the mechanical equilibrium (i.e., considering the global stress as constant) in order to evaluate permeability changes (Samier et al., 2003) . This approach is more complete than the conventional reservoir model but cannot be used to evaluate stress redistribution, which is important to characterize entire underground seismic behavior. Furthermore, for both of these methods, the pore thermal expansion is neglected. The decoupled or one-way solution usually considers the simulation of the complete time history of the recovery process, followed by a stress solution by using a geomechanical simulator, but does not incorporate the feedback of geomechanical effects into the reservoir model. In this approach, the pore pressure and temperature history issued from a fluid flow simulation is introduced as input into the geomechanical equilibrium equation. In practice, the pore pressure and temperature computed by reservoir simulation, using Eq. 9, is introduced in Eq. 1 to deduce the stress and displacement. This coupling is easy to implement, gives quick results and still includes some interesting physics (Vidal et al., 2009 ). This approach represents a moderate computation cost. Furthermore, using the one-way approach, geomechanical simulation can be performed using different mechanical parameters when reservoir simulation is finished. This solution can also give a good approximation of stress state and volumetric strain in the complete geological model of the reservoir and of the surrounding strata because it takes Eq. 5 into account. With this approach, the use of enhanced 4D seismic monitoring considering geomechanical effects is possible. Furthermore, the one-way solution can be useful to locate and evaluate the risk of rock fracturing because it considers both Eq. 5 and pore thermal expansion for the stress and strain state calculation. Nevertheless, it must be noticed that the one-way solution does not take into account the effect of mechanically induced modification of intrinsic permeability into the reservoir model, since no feedback exists towards this model from the geomechanical simulator.
The sequentially coupled solution contains both explicitly coupled and iteratively coupled reservoir geomechanical simulations. In this approach, the stress and flow equations are solved separately for each time step but information is passed between the reservoir and geomechanical simulators. The stress equations are solved sequentially at the end of each time period or iteration. Then, the modified reservoir parameters by geomechanical behavior are substituted back into the flow equation to continue the next time period. The sequential coupling is described as "explicit" if the methodology is only performed once for each end of period of time and as "iterative" if the methodology is repeated until convergence of the stress and fluid flow problem under a given criterion. The computation cost of sequentially coupled solution depends on the number of fluid flow-geomechanics interactions that are taken into account. In order to simulate a SAGD operation, taking only into account the effect of mechanically induced modification of intrinsic permeability can be a good solution. Therefore, a sequentially coupled approach can be used when the mechanical behavior of rocks is elastic. An iteratively coupled approach is clearly more rigorous when the mechanical behavior of rocks is non-linear but can induce a strong increase in computation cost. Then, the sequentially coupled approach, considering both explicitly and iteratively coupled solutions, allow describing both mechanically induced modification of intrinsic permeability and geomechanical effect on seismic behaviour of the whole underground. This method also allows quantifying the evolution of porous medium thermal expansion.
In the fully coupled simulation, the flow and mechanical equations are solved simultaneously on a unified grid system. Usually in this coupled approach, the hydraulic or geomechanical mechanisms are often simplified by comparison with the conventional reservoir approach. In general, two different kinds of fully coupled simulators can be considered, the first one is based on the reservoir simulator and the second type is based on the geomechanical simulator. Often, with fully coupled simulator of the first kind (based on reservoir simulator), it is only possible to perform a simulation considering simplified mechanical behavior for rocks. With the second type of fully coupled simulator, it is possible to perform a simulation considering a mono-phasic fluid or biphasic fluid with simplifying assumptions. Therefore, applying both types of fully coupled method to 6 S. Zandi, G. Renard, J.F. Nauroy, N. Guy, M.Tijani
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nd Annual Workshop and Symposium -17-19 October 2011, Vienna, Austria perform a SAGD simulation of reservoir with all surrounding strata, has a very high computation cost. Concerning the fully coupled and iteratively coupled solutions, it must be mentioned that full and iterative couplings can lead to different results using the same physical description (Samier et al., 2003) . Nevertheless the iteratively coupled method solves the problem rigorously (i.e., with respect to the physic behavior induced by the used formulations) if iterated to full convergence (Wang et al., 2006) . However, the mentioned difference cannot be a good criterion of choice.
Considering the difficulties involves in a fully coupled approach, the numerical modeling of SAGD is proposed using a more convenient and easier method presented here. This method is the explicit coupling approach that is furthermore compared to the one-way (or decoupled) approach on a synthetic reservoir case. For that purpose PumaFlow which is a finite volume reservoir simulator, developed by IFP, is coupled with ABAQUS, the finite element geomechanical simulator developed by SIMULIA. Coupling modules have been developed to allow the fully automatic coupling between the two models on compatible numerical grids.
The Applied Coupling Approaches One-way Approach
In the one way coupling, only the right branch of the iterative loop shown in Fig. 1 is considered. The pore pressure and temperature fields in the reservoir are calculated by the fluid flow simulator over the full injection-production history. Then pore pressure and temperature fields are introduced in the geomechanical simulator that performs the computation of stresses and displacements at specified times. In this approach, there is no feed back to the fluid flow simulator to update porosity and permeability values in the reservoir grid. This one-way coupling is easy to implement and still can give an appropriate approximation of the reservoir deformation. 
Explicit Coupling
The explicitly coupled approach consists in executing sequentially the two models, linked through external coupling modules (Fig. 1) . The fluid flow simulator is executed first over a first period. Updated pore pressures and temperatures computed at the end of this first period are transferred to the geomechanical simulator. In the transfer, data are interpolated to pass from finite volume discretization to finite element discretization and inversely. For the herein study, the data transfer is performed through a coupling module that has been developed using Fortran and Python languages.
Based on the updated producing conditions and constitutive relationships, the geomechanical simulator calculates the elastic strains. Then the reservoir permeabilities are modified according to theoretical or empirical functions (between volumetric strain and permeability). Updated grid block permeabilities are then transferred to the fluid flow simulator for the execution of the next time period. This data transfer between the two simulators is also performed by a fortran and Python based module.
Coupling Relationship between permeability and volumetric strain
A simple and empirical relationship is proposed by Touhidi-Baghini (1998) for predicting the evolution of the absolute permeability changes induced by stress changes. This simple relationship linking permeability changes to volumetric strain reads,
This equation allows the computation of absolute permeability k 1 from its initial value k 0 , the volumetric strain ε v and the initial porosity value φ 0 . An appropriate value for the constant c has to be picked. According to Touhidi-Baghini, the values c = 5 and c = 2 appear to be appropriate to match with vertical and horizontal permeability evolutions, respectively.
Example of coupling on a synthetic case Case Description
The case is based on the implementation of the SAGD process in a heavy oil reservoir located in Saskatchewan, Canada (Chabrabarty et al., 1998) . The reservoir is assumed homogeneous without bottom aquifer. As indicated in Fig. 2 , the top of the reservoir is 730 m deep, the initial pressure and temperature being equal to 5.2 MPa and 27°C respectively.
The simulated domain is rectangular with its dimensions in the X, Y and Z directions respectively equal to 147, 500 and 20 meters (Fig. 2) . The well pair is located along the Y axis and in the middle of the X axis. The distance bewteen the two wells is 5 m. The producer is 2 m above the base of the reservoir.
In the reservoir fluid flow simulator, the size of the grid cells in the X direction is equal to 1 meter near the wells and increased to 2 then 3 meters farther away. As the vertical distance between the two horizontal wells was supposed to be constant, only one cell 500 m long is used to describe the well length in the Y direction. Vertical gridding in the reservoir is constant with 40 layers 0.5 meter thick.
In the geomechanical model, the simulated domain includes the reservoir surrounded below by underburden layers and above by overburden layers (Fig. 3) . Sideburdens rocks are not modelised because the treated case is assumed geometrically periodic. This assumption corresponds to the fact that in a SAGD process, it is common to use several pairs of well that are parallel and equidistant to optimize production rates. Details of the mechanical properties of the different rock layers are given in Zandi et al. (2010) . Initial state stresses are supposed to be isotropic.
Operating conditions
The thermo-hydro-mechanical behaviour of the reservoir is analyzed over a 2000-days production period. A pre-heating period of 150 days consisting in steam circulation in the two wells of the SAGD pair is simulated first to allow the hydraulic communication and flow of fluids between the two wells to be efficient. This communication is not possible till the viscosity of oil in place is not decreased enough. Then steam is constantly injected in the upper well and oil plus condensed water produced in the lower well. At the injection well, a steam flow rate is set to 260 m The result of this monitoring is clearly illustrated in Fig. 5 that shows the typical evolution of flow rates in the two wells. The initial steam rate imposed in the injection well between 150 and 250 days is well respected, as is this rate during a short period after 250 days when it is increased to 400 m 3 /d. However, quite rapidly the steam front moves too closer to the production well and the injection flow rate has to be decreased to prevent steam breakthrough, then increased again when the steam front moves away from the production well. The monitoring of the well pair to prevent steam breakthrough at the production well results therefore in variations in the steam flow rate in the injection rate during quite a long period that lasts until about 1000 days. At 1000 days, the injection rate continuously decreases because the steam front has reached the lateral limit of the domain. Less steam can be injected and less fluid can be produced. 
Fluid Flow and Geomechanical Coupling Simulation Results
To determine the geomechanical influence of steam injection on pressure and temperature variations in the reservoir and on overall permeability variation, the geomechanical behaviour of the reservoir have been studied in three different grid cells. These cells are located in the same xz plane and at the same elevation in the z direction. Fig. 4 shows the location of these grid cells (A, B and C) . Grid cell A is placed just in the middle of the reservoir and 5.5 meters above the horizontal well injection well. Grid cells B and C are chosen farther from the wells, with the distance of 18.5 and 60 meters from the grid cell A, resepectively. To analyze the geomechanical effects during SAGD process, the stress paths in these three grid cells obtained by the two different coupling methods, one-way and explicit, have been specifically studied.
One-way (Decoupled) Approach
A complete 2000-days of fluid flow simulation have been carried out with the reservoir simulator. At the end of this simulation, the pressure and temperature distribution have been extracted from the reservoir simulator and introduced as boundary condition in the geomechanical simulator. The stresses and strains in the reservoir and surrounding rocks have then been computed by the geomechanical simulator at selected times: 0 (initial), 150 th day (end of pre-heating), 300 th day, 1000 th day and 2000 th day. Stress path computed from one-way coupling is plotted on p'-q (deviatoric stress versus mean effective stress) diagram in Fig. 6 for the three grid cells A, B and C. The arrows show the path followed during the evolution of stress at the three different grid cells in the reservoir. The final state is quite similar for cells A and B, but different for cell C. At the same time the paths are quite different for the three cells with a decrease of deviatoric stress (q) during the pre-heating period in grid cells B and C then an increase during the steam chamber development, while for grid cell A the deviatoric stress is always increasing.
Explicit ( Sequential) Coupling
The same 2000-days full history of injection and production has been simulated but as already explained, in this explicit coupling approach, permeability in grid cells of the reservoir model have been updated at specified times after computation of stress and strain by the geomechanical simulator, and modification of the permeability values according to Eq. 14.
The explicitly coupled approach has been tested applying different coupling step number. Here we introduce the case of five coupling step number. These coupling times are the same as for the one-way approach: 0 (initial), 150 th day (end of pre-heating), 300 th day, 1000 th day and 2000 th day. The first mechanical computation (initialization) is performed to reach a mechanical equilibrium between the applied boundary conditions (regional stresses) and the initial state of stress in the reservoir.
Stress path computed from explicit coupling is plotted on p'-q diagram in Fig. 7 for the three grid cells A, B and C. As before, cell A in the middle of the reservoir has a different stress path compared to the two other cells. The deviatoric stress (q) obtained by explicit coupling reaches nearly 3.4 MPa, while in one-way approach (Fig. 6 ) a maximum value of nearly 3 MPa for q is obtained. The two graphs show the difference of stress evolution that occurs when permeability changes are taken into account in the fluid flow model. With the explicit coupling the final state for the three cells are quite identical.
Figs. 8 and 9 show the typical evolution of pore pressure and temperature in the three selected grid cells. In the space occupied by the steam chamber, pressure and temperature are related by the water vapor pressure curve. Close to the well pair (cell A) the build up in temperature is rather sharp since the steam front arrives there quite rapidly. This build up becomes slower as the grid cells are farther from the well pair. Temperature is affected first by the flow of heated oil that is drained downward along the steam chamber from the top of the reservoir. Applying coupled method and compared to one way approach, no important modification was seen in pressure and temperature evolution. The coupling mainly affects the porosity and permeablility fields. The decrease in pressure from 150 days, at the end of the pre-heating period, and 250 days is due to the liquid rate at the production well that is greater than the steam rate at the injection well. From 250 days, the steam injection rate becomes greater than the production rate. Therefore pressure increases gradually to reach the maximum pressure allowed in the injection well. From that time, and to the end of the modeling, the system is either under this pressure limit or under the maximum allowed flow rate in the injection well as depicted in Fig. 5 . Fig. 10 illustrates the permeability evolution in the cells A, B and C during explicit coupling simulation. An increase of 30% is finally observed in the three grid cells. In this particular case of a homogeneous reservoir this increase while important does not impact greatly the evolution of the steam chamber. In the case of an heterogeneous reservoir with the presence of impermeable barriers, the evolution of permeability can have a more dramatic impact on fluid flow and steam chamber development (Lerat et al., 2009a) . This particular point is a topic of future study. Fig.11 shows the vertical displacement profile of the reservoir interface plotted at the end of the 2000 days simulation for the two approaches. As can be noticed, one way coupling while it does not allow an updating of the permeability in the grid cells of the reservoir model, gives an interesting result in terms of reservoir deformation. Coupling with the geomechanical model and performing this updating of permeability shows a further 14% increase in vertical displacement at the reservoir interface compared to the one-way approach.
Conclusions
In this paper, we have described the strategies to deal with the coupling between fluid flow and geomechanical effects in the modeling of SAGD. A synthetic but realistic case has been used to compare the two approaches that were finally chosen, i.e. one way in which the results of the fluid flow model are used to compute stress and strain in the reservoir with a geomechanical model at selected times but without feed back to the fluid flow model and the explicit coupling in which a feed back is operated from the geomechanical model to the fluid flow model in order to update the permeabilities modified by the variations of porosity and strain under pressure and temperature variations.
Results leave no doubt about the importance of using a coupled approach as efficient as possible. Stress path, permeability evolution and vertical displacement at reservoir interface depend on the chosen simulation approach.
The one way approach, while basic, can indicate the most mechanically stressed areas and provide a first estimation of deformation magnitude of the reservoir and surrounding layers. The explicit coupling approach is more accurate but also much more time consuming. Our future work will focus on heterogenous media and on solutions to reduce the computation time so that 3D coupled studies can be achieved in a reasonable time.
